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HIGH-DENSITY CONNECTION BETWEEN 
MULTIPLE CIRCUIT BOARDS 

BACKGROUND OF THE INVENTION 

This invention generally relates to high-density electrical 
connectors. In particular, the invention relates to high-density electrical 
connectors for connecting multiple circuit boards. 

A particular application of the invention is the manufacture of 
ultrasound probes for medical applications. As the number of transducer 
elements in typical ultrasound probes increases and the desired size of the 
probe handle and other packaging decreases, there is a need to increase the 
density of electrical connections between the transducer elements and the 
probe cable. For reasons of manufacturability and economics, the transducer 
pallet and cable are usually built and tested as separate subassemblies, then 
joined. If the pallet and cable each terminate in a flexible printed circuit, then 
the preferred joint is a flex-to-flex bond. Such a bond comprises one or more 
rows of metallized connection pads on the transducer pallet flex circuit, similar 
row(s) of pads on the cable flex circuit, and an anisotropic conductive adhesive 
which, under heat and pressure, forms an electrical and mechanical bond 
between corresponding connection pads of the two flex circuits. 

Flexible printed circuit substrates are typically made of a 
polyimide, such as Kapton™ (a DuPont product), with a typical thickness within 
the range of 25 to 75 microns. Another flexible printed circuit substrate material 
conventionally employed is polyester. 

Electrical connection bonds between two flex circuits or between 
a flex circuit and a rigid circuit board are used in various situations and 
products, not just during the manufacture of ultrasound arrays. A major 
application is electrical connection to flat panel (LCD) displays for appliances, 
computers, and aircraft. 
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Two-dimensional ultrasound transducer arrays for medical 
diagnostic imaging are typically built with one flex circuit per row of transducer 
elements. Electrical connection to the transducer array typically requires 
connection to a stack of 30 to 60 flex circuits. In a typical conventional 
5 ultrasound imaging system, beamforming is performed inside the console and 
there is a one-to-one correspondence between transducer elements and 
coaxial conductors. For probes with very large numbers of transducer elements, 
however, it is desirable to perform at least a portion of the beamforming inside 
the probe head, e.g., by connecting groups of transducer elements to 
10 corresponding transmit and/or receive beamformer circuits. Connection 
between elements is easy within or parallel to the flex circuits, but difficult 
between flex circuits. 

Historically, some transducer probe manufacturers have soldered 
coaxial cables directly to the transducer flex circuits, or have used a separate 

1 5 connector for each flex circuit. U.S. Patent No. 6,007,490 discloses the use of a 
solderless connection for connecting and disconnecting flex circuits inside an 
ultrasonic transducer probe. The connector comprises a cover section and a 
receiver section that compress the ends of two flex circuits together. Means for 
aligning the flex circuits are incorporated in the cover and receiver sections, 

20 which are fastened together to hold the compressed ends of the flex circuits in 
place. Multiple flex circuits can be electrically connected in this way. One 
embodiment disclosed in U.S. Patent No. 6,007,490 comprises a flex circuit 
with exposed conductors on both sides connected to respective flex circuits on 
opposing sides. 

25 U.S. Patent No. 5,160,269 discloses a connector system for 

interconnecting single or multiple pairs of flex circuits. A single pair of clamping 
bodies interconnects the respective ones of multiple pairs of electrical 
conductors (in the form of conductor traces carried on respective pairs of 
flexible substrates) by pressing the flex circuits together between slender fluid- 

30 filled flexible bladders held in channels defined in the confronting sides of the 
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clamping bodies. Alignment pins keep the flex circuits and clamping bodies 
aligned property with each other, and alignment portions of the flex circuits 
correspond in thickness to that of the electrically interconnecting portions, to 
keep the flex circuits and clamping bodies parallel with each other. The 
5 clamping bodies are urged toward one another by clamping screws. 

The assignee of U.S. Patent No. 5,160,269 subsequently 
developed and sold a clamp connector for use with two-dimensional ultrasonic 
transducer arrays. The clamp connected each transducer flex circuit to one 
similar cable flex circuit. Coaxial conductors were soldered to the cable circuit; 
10 the transducer circuits were embedded in the transducer. All pairs of flex 
circuits were stacked together within the single clamp. The clamp provided a 
way to make a simple, reworkable one-to-one connection between many flex 
circuits at one time. 

There is a need for a connection scheme that would allow 
15 elements (e.g., transducer elements) connected to one printed circuit board 
(flexible or rigid) to be connected to elements connected to another printed 
circuit board (flexible or rigid). There is also a need for a connection scheme 
that would increase the density of connections, e.g., by allowing more than two 
circuit boards to be connected to one end of a single circuit board. 

BRIEF DESCRIPTION OF THE INVENTION 

20 The present invention provides a connection scheme that allows 

elements connected to one printed circuit board (flexible or rigid) to be 
connected to elements connected to another printed circuit board (flexible or 
rigid). This capability is especially useful in the case of an ultrasonic transducer 
probe that performs a portion of the beamforming function. The invention also 

25 enables the connection of more than two circuit boards (flexible or rigid) to one 
end of a single circuit board (flexible or rigid). The multiple circuit boards can be 
held in place by a clamp, solder bonding, anisotropic conductive film or any 
other suitable means. 
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One aspect of the invention is a stacked connection comprising 
first, second and third circuit boards having respective overlapping portions, 
the first circuit board comprising a substrate supporting first and second sets 
of electrical conductors, the second circuit board comprising a substrate 
supporting first and second sets of electrical conductors, and the third circuit 
board comprising a substrate supporting a set of electrical conductors, 
wherein the second set of electrical conductors of the second circuit board 
are respectively in contact with the second set of electrical conductors of the 
first circuit board, and the set of electrical conductors of the third circuit board 
are respectively electrically coupled to the first set of electrical conductors of 
the first circuit board by way of the first set of electrical conductors of the 
second circuit board. 

Another aspect of the invention is a stacked connection 
comprising: first circuit board comprising a substrate and first and second sets 
of electrical conductors supported by the substrate, the electrical conductors of 
the first set extending beyond the electrical conductors of the second set, and 
5 each of the electrical conductors of the first and second sets having a 
respective termination portion that is exposed on one side of the substrate, the 
termination portions of the electrical conductors of the first set being displaced 
in a direction perpendicular to the substrate of the first circuit board relative to 
the termination portions of the electrical conductors of the second set; a second 

10 circuit board comprising a substrate and a set of electrical conductors 
supported by the substrate of the second circuit board, each of the electrical 
conductors of the second circuit board having a respective termination portion 
that is exposed on one side of the substrate of the second circuit board, the 
termination portions of the electrical conductors of the second circuit board 

15 being respectively in contact with the termination portions of the electrical 
conductors of the first set of the first circuit board; and a third circuit board 
comprising a substrate and a set of electrical conductors supported by the 
substrate of the third circuit board, each of the electrical conductors of the third 
circuit board having a respective termination portion that is exposed on one 
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side of the substrate of the third circuit board, the termination portions of the 
electrical conductors of the third circuit board being respectively in contact with 
the termination portions of the electrical conductors of the second set of the first 
circuit board. 

5 A further aspect of the invention is a stacked connection 

comprising: a first circuit board comprising a substrate and first and second sets 
of electrical conductors supported by the substrate, each of the electrical 
conductors of the first and second sets having a respective termination portion 
that is exposed on one side of the substrate; a second circuit board comprising 

10 a substrate and first and second sets of electrical conductors supported by the 
substrate of the second circuit board, each of the electrical conductors of the 
first set of the second circuit board having a respective termination portion that 
is exposed on one side of the substrate of the second circuit board, and each of 
the electrical conductors of the second set of the second circuit board having a 

15 respective first termination portion that is exposed on the one side of the 
substrate of the second circuit board and a respective second termination 
portion that is exposed on a side of the substrate of the second circuit board 
opposite to the one side of the substrate of the second circuit board, the 
termination portions of the electrical conductors of the first set of the second 

20 circuit board and the first termination portions of the electrical conductors of the 
second set of the second circuit board being respectively in contact with the 
termination portions of the electrical conductors of the first and second sets of 
the first circuit board; and a third circuit board comprising a substrate and a set 
of electrical conductors supported by the substrate of the third circuit board, 

25 each of the electrical conductors of the set of the third circuit board having a 
respective termination portion that is exposed on one side of the substrate of 
the third circuit board, the termination portions of the electrical conductors of 
the set of the third circuit board being respectively in contact with the second 
termination portions of the electrical conductors of the second set of the second 

30 circuit board, whereby the set of electrical conductors of the third circuit board 
are electrically connected to the second set of electrical conductors of the first 
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circuit board by means of the second set of electrical conductors of the second 
circuit board. 

Yet another aspect of the invention is an apparatus comprising 
first and second stacked connections and a spacer disposed between the first 
5 and second stacked connections, the first stacked connection comprising first 
and second circuit boards, the second stacked connection comprising third and 
fourth circuit boards, wherein the spacer comprises a first set of electrical 
conductors, the first circuit board comprises a second set of electrical 
conductors, and the fourth circuit board comprises a third set of electrical 
10 conductors, the electrical conductors of the second set being respectively 
electrically connected to the electrical conductors of the third set by way of the 
electrical conductors of the first set.. 

A further aspect of the invention is an apparatus comprising first, 
second and third stacked connections, a first spacer disposed between the first 

15 and second stacked connections, and a second spacer disposed between the 
second and third stacked connections, each of the first, second and third 
stacked connections comprising a respective plurality of circuit boards, wherein 
the second spacer comprises a hole and each circuit board of the second 
stacked connection comprises a respective opening, further comprising a first 

20 alignment pin anchored in the first spacer and projecting through the openings 
in the circuit boards of the second stacked connection and into the hole in the 
second spacer. 

Another aspect of the invention is a stack of partially overlapping 
circuit boards, comprising: a central circuit board comprising a substrate and 

25 first through fourth sets of electrical conductors, each of the electrical 
conductors having a termination portion, wherein the termination portions of the 
electrical conductors of the first and second sets are exposed on one side of 
the substrate, and the termination portions of the electrical conductors of the 
third and fourth sets are exposed on another side of the substrate opposite to 

30 the one side of the substrate; first and second interior circuit boards each 
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comprising a respective substrate and respective first and second sets of 
electrical conductors having termination portions, the termination portions of the 
first set of electrical conductors of the first interior circuit board being 
respectively in contact with the termination portions of the first set of electrical 
conductors of the central circuit board, the termination portions of the second 
set of electrical conductors of the first interior circuit board being respectively in 
contact with the termination portions of the second set of electrical conductors 
of the central circuit board, the termination portions of the first set of electrical 
conductors of the second interior circuit board being respectively in contact with 
the termination portions of the third set of electrical conductors of the central 
circuit board, and the termination portions of the second set of electrical 
conductors of the second interior circuit board being respectively in contact with 
the termination portions of the fourth set of electrical conductors of the central 
circuit board; and first and second exterior circuit boards each comprising a 
respective substrate and a respective set of electrical conductors, the set of 
electrical conductors of the first exterior circuit board being electrically 
connected to the second set of electrical conductors of the central circuit board 
by way of the second set of electrical conductors of the first interior circuit 
board, and the set of electrical conductors of the second exterior circuit board 
being electrically connected to the fourth set of electrical conductors of the 
central circuit board by way of the second set of electrical conductors of the 
second interior circuit board. 

Other aspects of the invention are disclosed and claimed below. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a drawing showing one element of an ultrasound 
transducer array having an acoustic backing acoustically coupled to the rear 
surfaces of the transducer elements. 

FIG. 2 is a drawing showing a cross section of an acoustic 
backing stack comprising a multiplicity of embedded flex circuits comprising 
signal traces. 
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FIG. 3 is a drawing showing a side view of a portion of a 
connector clamped stack in accordance with one embodiment of the invention. 

FIG. 4 is a drawing showing a side view of a portion of connector 
clamped stack in accordance with another embodiment of the invention. 

FIG. 5 is a drawing showing a side view of a connector clamped 
stack comprising long alignment pins in accordance with a further embodiment 
of the invention. 

FIG. 6 is a drawing showing a side view of a connector clamped 
stack comprising short alignment pins in accordance with yet another 
embodiment of the invention. 

FIG. 7 is a drawing showing a clamping arrangement in 
accordance with one embodiment of the invention. 

FIG. 8 is a drawing showing a side view of a connector clamped 
stack in accordance with yet another embodiment of the invention. 

FIG. 9 is a drawing showing a top view of a connector clamped 
stack in accordance with a further embodiment of the invention. 

Reference will now be made to the drawings in which similar 
elements in different drawings bear the same reference numerals. 

DETAILED DESCRIPTION OF THE INVENTION 

FIG. 1 shows an exemplary ultrasound transducer element 
comprising a piezoelectric ceramic layer 2 having a bottom surface that has 
been metallized to form a signal electrode 4 and a top surface that has been 
metallized to form a ground electrode 6. An acoustic impedance matching layer 
14 made of electrically conductive material is joined to the metallized top 
surface of the ceramic by a thin (acoustically transparent) layer of epoxy (not 
shown) that allows ohmic contact between the matching layer 14 and the 
ground electrode 6. As partly depicted in FIG. 1, matching layer 14 is common 
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to all transducer elements, meaning that it covers the entire array and is in 
electrical contact with the ground electrodes of all transducer elements in the 
array, only two transducer elements being shown in FIG. 1 . 

The transducer array is set over a patterned array of electrical 
5 signal connectors. One example of such an array of electrical connectors is a 
series of spaced and mutually parallel flex circuits embedded within an acoustic 
backing 12 (only a portion of which is shown in FIG. 1), such that the ends of 
each trace 8 imprinted on each dielectric substrate 10 (e.g., Kapton® polyimide 
film) are exposed at the surface of the acoustic backing. In a two-dimensional 

10 array, the transducer elements of each column are respectively electrically 
connected to traces arrayed on a respective dielectric substrate. Thus there will 
be one flex circuit per column in the transducer array. FIG. 1 shows two flex 
circuits corresponding to two columns of ultrasound transducer elements and 
also shows only one metal trace 8 on each dielectric substrate 10 electrically 

15 connected to a respective transducer element in each column. 

The acoustic backing 12 is joined to the metallized bottom 
surface of the ceramic by a thin (acoustically transparent) layer of epoxy (not 
shown) that allows ohmic contact between the signal electrode 4 and the 
exposed end of the metal trace 8. Alternatively, a metal pad may be formed 

20 over the exposed end of the metal trace, with ohmic contact then occurring 
between the signal electrode and the metal pad. Preferably, the acoustic 
backing is joined to the transducer array layer before the respective columns 
are diced and before the acoustic impedance matching layer is installed. In that 
event, the saw may cut to a depth that enters the acoustic backing 12, as seen 

25 in FIG. 1. A representative kerf 16 is shown in FIG. 1. The kerf 16 acoustically 
isolates the transducer elements in one column from the adjacent transducer 
elements in adjacent columns. Kerf 16 also electrically isolates the signal 
electrodes 4 of adjacent transducer elements in adjacent columns. Dicing in an 
orthogonal direction will produce kerfs (not shown) that acoustically isolate the 
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transducer elements of a given row from each other and that electrically isolate 
the signal electrodes of those same transducer elements. 

FIG. 2 shows the acoustic backing 12 in more detail and in cross 
section. The acoustic backing 12 comprises a stack of alternating layers 18 of 
5 acoustic backing material and flex circuits. Each flex circuit comprises a 
dielectric substrate 10 and a multiplicity of metal traces 8. The flex circuits are 
bonded to the adjoining layers of acoustic backing material by thin layers of 
epoxy 20 on both sides of the flex circuit. The thickness of the layers of epoxy 
and the metal traces have been exaggerated in FIG. 2 for the sake of 

10 illustration. Each flex circuit may carry both signal traces and ground traces, 
with the number of signal traces greatly outnumbering the number of ground 
traces. It should also be noticed that in the stack shown in FIG. 2, the flex 
circuits can be laminated to the layers of acoustic backing material with the 
metal traces facing in either direction. This allows the flex circuits with metal 

15 traces on opposite sides to be connected to a cable flex circuit having metal 
traces on both sides. 

FIG. 3 shows a side view of a portion of a connector clamped 
stack in accordance with one embodiment of the invention. In this example, six 
transducer flex circuits 22a through 22f (each connected, e.g., to a respective 

20 row or column of transducer elements) are electrically connected to each single 
multi-layer electronics or cable flex circuit 20. Only one flex circuit 20 is shown 
in FIG. 3, but in actuality a clamped connection stack will be formed by 
repeating the connection scheme shown in FIG. 3 multiple times. A respective 
spacer 70 (only one of which is shown in FIG. 3) is placed between each group 

25 of flex circuits in the stack. The spacer 70 acts as a pressure pad when the 
clamp is tightened to clamp the stack of flex circuits together. Only the bolt 72 
of the clamping arrangement is shown in FIG. 3. The clamping arrangement will 
be described in more detail later with reference to FIG. 7. Although this 
particular example uses flex circuits, it should be understood that rigid printed 

30 circuit boards could also be arranged in the manner shown in FIG. 3. 
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Alternatively, board 20 could be a rigid circuit board electrically connected to 
flex circuits 22a through 22f. 

Furthermore, it should be appreciated that circuit boards 
comprising conductors or traces distributed at different elevations are referred 
5 to herein as "multi-level" for the sake of convenience. The present invention 
should not be limited to any particular internal distribution of conductors in a 
"multi-level" circuit board. Given a particular surface distribution of the ends of 
the conductors, the internal distribution of those conductors in the circuit board 
may take many forms. In particular, although this disclosure describes 
10 embodiments having conductors or traces at certain "levels", it should be 
appreciated that the conductors in any particular "level" need not all be at the 
same elevation. 

In accordance with one embodiment, the spacer material may 
be stiff, yet compliant. For instance, a very stiff rubber or a low-modulus 
15 plastic could be used. The compliance would accommodate variations in the 
thickness or flatness of the circuit boards; the stiffness would keep everything 
relatively flat and parallel. 

In practice, the flex circuits and multi-layer Kapton™ circuit 
boards that will be used are quite flat and uniform in thickness. The metal 
20 pattern on the circuits has been carefully designed so that all surfaces have 
the same pattern (so total stacked thickness and therefore pressure are 
uniform). In this case, the spacer can be made of a very stiff (not compliant at 
all) material, such as stainless steel. 

The more significant property for the spacer material appears to 
25 be its coefficient of thermal expansion (CTE). Kapton™ and copper circuits, 
stainless steel spacers, and a stainless steel bolt work well together. When 
aluminum spacers were substituted in an attempt to save weight, electrical 
contact between the circuits was lost at low temperatures (the CTE for 
aluminum is 23 ppm/°C vs. 17 ppm/°C for stainless steel). Perhaps a more 
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compliant spacer could be pre-compressed enough that it would maintain 
contact over a broad range of temperatures, but compliant materials have even 
higher CTE and would be an even worse mismatch to a stainless steel bolt. In 
theory, the spacers and bolt, and preferably also the circuit boards, should have 
5 well-matched CTEs. 

Referring once again to FIG. 3, each cable flex circuit 20 
comprises six sets 24a through 24f of metal traces separated by layers 26a 
through 26e of dielectric material. Each set 24a-24f comprises a multiplicity of 
spaced-apart metal traces that connect to respective coaxial conductors (not 
shown). Although in this example the conductors of a given set are generally 
mutually parallel and at the same elevation, neither condition is necessary to 
practice of the invention. For examples, the conductors of a given set could be 
on different levels, i.e., at different elevations. The spaces between metal 
traces in each set may be occupied by the same dielectric material as in layers 
26a-26e. The end of cable flex circuit 20 that connects to the transducer flex 
circuits 22a-22f has a stepped structure that exposes the ends of the metal 
traces of embedded sets 24b-24e. More specifically, the central dielectric layer 
26c projects beyond the adjacent inner dielectric layers 26b and 26d, thereby 
exposing the ends of the metal traces of embedded conductor sets 24c and 
24d. Similarly, the inner dielectric layers 26b and 26d respectively project 
beyond the outer dielectric layers 26a and 26e, thereby exposing the ends of 
the metal traces of embedded conductor sets 24b and 24e. The metal traces of 
outer conductor sets 24a and 24f are already exposed. 

As seen in FIG. 3, the stepped arrangement enables the ends of 
25 the metal traces on transducer flex circuit 22c to be placed in contact with the 
ends of the metal traces of embedded conductor set 24c of the cable flex circuit 
20; and enables the ends of the metal traces on transducer flex circuit 22d to 
be placed in contact with the ends of the metal traces of embedded conductor 
set 24d when the stack is compressed by the clamp. Similarly, the stepped 
30 arrangement enables the ends of the metal traces on transducer flex circuit 22b 
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to be placed in contact with the ends of the metal traces of embedded 
conductor set 24b; and enables the ends of the metal traces on transducer flex 
circuit 22e to be placed in contact with the ends of the metal traces of 
embedded conductor set 24e. Each flex circuit 22a-22f comprises a multiplicity 
5 of metal traces 8 printed on a dielectric substrate 10 with a cover layer 28 
made, e.g., of acrylic that covers portions of the metal traces while leaving the 
ends of the traces exposed. As seen in FIG. 3, the flex circuits 22a-22c have 
metal traces on the bottom, while the flex circuits 22d-22f have metal traces on 
the top. The flex circuits 22a-22f are embedded in an acoustic backing 1 2 in the 
10 manner previously described. The metal traces on the respective flex circuits 
must be patterned so that their ends align and overlap when the stack is 
clamped. To facilitate electrical contact, contact pads can be formed at the 
ends of the metal traces. ' 

In accordance with the embodiment depicted in FIG. 3, six circuit 
1 5 boards can be electrically connected to a single multi-layer circuit board having 
a stepped end with staggered layers. This connection scheme can be 
employed with either flexible or rigid circuit boards. Instead of a multi-layer 
circuit board having five layers of dielectric material, one with three layers could 
be used to connect to four circuit boards, instead of six. Obviously, this concept 
20 can be extended to connect more than six circuit boards to a single multi-layer 
circuit board. 

Also, while FIG. 3 shows an embodiment in which the stepped 
end of the multi-layer circuit board (comprising an odd number of layers) is 
symmetrical, the concept can be extended to a circuit board having a stepped 
25 end that is asymmetrical. For example, in a variation of the embodiment shown 
in FIG. 3, the cable flex circuit 20 could consist of only dielectric layers 26a, 26b 
and 26c and metal trace sets 24a, 24b and 24c, respectively connected to 
transducer flex circuits 22a, 22b and 22c, in which case three transducer flex 
circuits would be connected to a single cable flex circuit. This variation could 
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have a cable flex circuit with as few as two dielectric layers and two metal 
traces connected to only two transducer flex circuits. 

FIG. 4 shows a side view of a portion of a connector clamped 
stack in accordance with another embodiment of the invention. Again, six 
5 transducer flex circuits 32a through 32f are electrically connected to each single 
multi-layer electronics or cable flex circuit 30, the stack being clamped using a 
spacer 70 and a bolt 72. Although only one flex circuit 30 is shown in FIG. 4, a 
clamped connection stack is formed by repeating the connection scheme 
shown in FIG. 4 multiple times. A respective spacer 70 (only one of which is 

10 shown in FIG. 4) is placed between each group of flex circuits in the stack and, 
if necessary, between the connection stack and the clamping blocks (not 
shown). [The same considerations apply when selecting materials for the 
spacer, bolt and circuit boards as previously described with reference to FIG. 
3.] The spacer 70 acts as a pressure pad when the clamp is tightened to clamp 

15 the stack of flex circuits together. To avoid clutter in the drawing, the clamping 
arrangement is not shown in FIG. 4. 

Each cable flex circuit 30 comprises six sets 34a through 34f of 
metal traces separated by layers of dielectric material. Each set 34a-34f 
comprises a multiplicity of spaced-apart metal traces that connect to respective 

20 coaxial conductors (not shown). Again, the traces of a particular conductor set 
are preferably, but not necessarily, generally mutually parallel and at the same 
elevation. The end of cable flex circuit 30 that electrically connects to the 
transducer flex circuits 32a-32f has vias 50 that connect the metal traces of 
embedded sets 34b-34e to respective contact pads 52 on the exterior of the 

25 cable flex circuit 30. At the same time, contact pads 52 are formed at the ends 
of the metal traces in external conductor sets 34a and 34f. 

In accordance with the connection scheme depicted in FIG. 4, 
only two (32c and 32d) of the transducer flex circuits are in physical contact 
with the cable flex circuit 30. Transducer flex circuits 32c and 32d are 
30 electrically connected to the cable flex circuit 30 by means of contact pads 54 
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that respectively align with and overlap the contact pads 52 on the exterior 
surfaces of the cable flex circuit. One set of contact pads 54 electrically 
connects the metal traces of flex circuits 32c and 32d to respective pads 52 that 
enable connection to the metal traces of embedded conductor sets 34c and 
5 34d in the cable flex circuit 30 when the stack is clamped. The other sets of 
contact pads 54 are electrically connected to corresponding sets of contact 
pads 56 formed on the other side of the dielectric substrate of transducer flex 
circuits 32c and 32d by means of respective sets of vias 58. 

The metal traces on transducer flex circuits 32b and 32e are 
electrically connected to the cable flex circuit 30 by means of contact pads 60 
that respectively align with and overlap corresponding sets of contact pads 56 
on the transducer flex circuits 32c and 32d respectively. One set of contact 
pads 60 electrically connects the metal traces of flex circuits 32b and 32e to 
respective pads 52 on the cable flex circuit 30 (i.e., the pads 52 that connect to 
the metal traces of embedded conductor sets 34b and 34e) by way of 
corresponding sets of pads 54 and 56 and vias 58 of transducer flex circuits 
32c and 32d. The other set of contact pads 60 are electrically connected to a 
corresponding set of contact pads 62 formed on the other side of the dielectric 
substrate of transducer flex circuits 32b and 32e by means of respective sets of 
vias 64. 

The metal traces on transducer flex circuits 32a and 32f are 
electrically connected to the cable flex circuit 30 by means of contact pads 66 
that respectively align with and overlap the contact pads 62 on the transducer 
flex circuits 32b and 32e respectively. The contact pads 66 electrically connect 
25 the metal traces of flex circuits 32a and 32f to respective pads 52 on the cable 
flex circuit 30 (i.e., the pads 52 that connect to the metal traces of embedded 
conductor sets 34a and 34f) by way of the corresponding sets of pads 60 and 
62 and vias 64 of transducer flex circuits 32b and 32e and by way of the 
corresponding sets of pads 54 and 56 and vias 58 of transducer flex circuits 
30 32c and 32d. 
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For the sake of illustration, FIG. 4 depicts the stacked connection 
with gaps between the opposing sets of pads. However, when the stack is 
clamped, the opposing pads will be pressed into contact and the gaps will be 
closed. 

5 Each flex circuit 32a-32f comprises a multiplicity of metal traces 8 

printed on a dielectric substrate 10 with a cover layer 28 that covers portions of 
the metal traces while leaving the pads at the ends of the traces exposed. As 
seen in FIG. 4, the flex circuits 32a-32c have metal traces on the bottom, while 
the flex circuits 32d-32f have metal traces on the top. The flex circuits 32a-32f 
10 are embedded in an acoustic backing (not shown) in the manner previously 
described. 

In the example depicted in FIG. 4, six circuit boards are 
electrically connected to a single multi-layer circuit board having embedded 
metal traces connected to contact pads by means of vias. Again, this 

15 connection scheme can be employed with either flexible or rigid circuit boards, 
and can be extended to connect four or more circuit boards to a single multi- 
layer circuit board. In a variation of the embodiment depicted in FIG. 4, the 
number of sets of metal traces in the cable flex circuit can be halved, with 
contact pads 52 formed on only one side of the cable flex circuit, thereby also 

20 halving the number of transducer flex circuits connected to a single cable flex 
circuit. At a minimum, the cable flex circuit could have only two sets of metal 
traces, one external and one internal, and only one set of vias, two sets of pads 
on one side being respectively in contact with the pads of two transducer flex 
circuits. While such variations illustrate the broad scope of the invention, they 

25 are less advantageous embodiments because the number of transducer flex 
circuits per single cable flex circuit is reduced, thereby reducing the overall 
density of the connections. 

Using circuit boards that have vias and pads, three or more 
flexible or rigid circuit boards can be stacked and clamped or bonded together. 
30 Adjacent boards have matching pad patterns and make electrical contact when 
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the stack is clamped. Boards internal to the stack have contact pads for their 
own circuits and additional pads with through vias to make connections 
between neighboring boards. 

Although the example depicted in FIG. 4 shows respective metal 
5 traces on six transducer flex circuits being respectively connected to six metal 
traces in the multi-layer cable flex circuit, it should be appreciated that this 
stacked connection also allows metal traces on different flex circuits to be 
electrically connected to the same metal trace on the cable flex circuit at the 
same time. The metal trace on transducer flex circuit 32b could be extended to 
10 connect to the contact pad 60 that also connects the metal trace on transducer 
flex circuit 32a to metal trace 34a on the cable flex circuit 30. [The contact pads 
54 and 56 on transducer flex circuit 32c that connects the metal trace on 
transducer flex circuit 32b to the metal trace 34b on the cable flex circuit would 
be eliminated in this case.] As a result, a metal trace on transducer flex circuit 
15 32a and a metal trace on transducer flex circuit 32b could both be connected to 
the same metal trace on the cable flex circuit. Such connections facilitate 
performing a portion of the beamforming on the transducer probe. 

To connect three or more flexible or rigid circuit boards together, 
the following steps are performed: 1) Define a pattern (array or single row) of 
contact pads sufficient for all desired electrical connections. Pads must be large 
enough for through-vias either in the pads or in the spaces between pads. Pads 
and spaces must be large enough so that reliable contact and no shorts can be 
achieved with the planned alignment method (e.g., tooling pins). 2) Reproduce 
the pattern on all contact surfaces between the circuit boards to be stacked and 
connected. Even though all pads may not be needed on all interfaces, a 
consistent pattern helps maintain uniform thickness and uniform electrical 
contact in the stacked boards. 3) Identify which pads each circuit board will use 
for its connections. All other pads must have "pass-through" via connections 
between the top and bottom surfaces of the circuit board. 4) Clamp or bond the 
flexible and/or rigid circuit boards together. If bonding is used, the bond material 
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must be electrically conductive in the thickness direction but not in the lateral 
directions. Anisotropic conductive film or solder may be used to achieve such 
bonding. 

The embodiments depicted in FIGS. 3 and 4 are examples of 
how the invention might be implemented. However, it should be appreciated 
that the fundamental concept of the invention is to create connections 
between multiple circuit boards arranged in a stack, wherein each circuit 
board has one or more sets of conductors. In order to appreciate the full 
scope of the invention, one should avoid associating sets of conductors with 
respective levels in the circuit board. One set of conductors could be 
distributed over multiple levels, and/or multiple sets could share the same 
level. 

For example, if one circuit board has steps and each step 
connects to a separate other circuit board, as shown in FIG. 3, then each step 
15 corresponds to a separate set of conductors. But it is not necessarily the case 
that those conductors remain on a unique level within the circuit board. It is 
convenient, as in FIG. 3, to show each step associated with a separate 
conductor set, but the conductors could actually be distributed over more or 
fewer levels in a circuit board. 

20 If the board-to-board connections are arranged in multiple rows 

on a single level, as shown in FIG. 4, there is not necessarily any relationship 
between the number of boards, the number of rows of connections, and the 
number of sets of conductors within any of the boards. One "set" of 
conductors (corresponding to connections between a specific pair of boards) 

25 could be distributed across multiple rows of contacts and multiple levels 
internal to a board. In addition, multiple sets of conductors could share the 
same row or level. It is convenient, as in FIG. 4, to show each set of board-to- 
board connections on a separate row of contact pads and separate level in 
the multi-layer board, but it is by no means necessary. 

18 
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FIG. 5 shows a side view of a connector clamped stack 
comprising a clamping bolt 72 and long alignment pins 78 (only one of which is 
shown) for registration, i.e., alignment, of the circuit boards. Each circuit board 
(30, 32) has a respective hole through which each alignment pin 78 passes. 
Each circuit board also has a hole through which the clamping bolt passes. In 
addition, each spacer 70 has respective holes for the alignment pins and for the 
clamping bolt. Fanout of the transducer flex circuits 32 from the compact 
spacing inside the acoustic backing layer 12 to the connection stack causes 
lateral shifts of the transducer flex circuits relative to the electronics or cable flex 
circuits 30. Consequently, long holes are needed in the flex circuits for 
alignment pins and for the clamping bolt. Also larger spaces are needed 
between rows of circuit board-to-circuit board contact pads to avoid shorting. 
Respective ground foils 88 are provided for electrical connection to the ground 
electrodes in the transducer array when the stack of circuit boards and spacers 
is clamped together. The coefficient of thermal expansion and the stiffness of 
the spacers are chosen to maintain good clamp pressure over a range of 
temperatures. 

Instead of long alignment pins that pass through the entire stack, 
short alignment pins can be used. FIG. 6 shows a side view of a connector 
20 clamped stack comprising short alignment pins in accordance with yet another 
embodiment of the invention. In accordance with this connection scheme, six 
transducer flex circuits 32 are connected to each cable flex circuit 30, and the 
cable flex circuits with respective sets of connected transducer flex circuits are 
separated from each other by respective spacers 71a, while the flex circuits at 
25 the top of the stack are separated from a clamping jaw (not shown) by a spacer 
71b that differs in structure from spacers 71a. If the bottom spacer 71a and top 
spacer 71b are made of a stiff material, such as stainless steel, and are 
sufficiently thick, then they may function as the clamping jaws. Each of spacers 
71a has a bore in which a respective short alignment pin 78 is anchored. The 
30 end of each alignment pin projects upward from the spacer in which it is 
anchored into a hole 90 in the next spacer (71a or 71b). Each spacer also has 
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a hole 92 through which the clamping bolt 72 passes. Fanout of the transducer 
flex circuits 32 from the compact spacing inside the acoustic backing layer 12 to 
the connection stack causes lateral shifts of the transducer flex circuits relative 
to the electronics or cable flex circuits 30. Consequently, long holes are needed 
5 in the spacers 71 a and 71 b for the alignment pins and in all components for the 
clamping bolt. Long holes are not needed in the circuit boards for the alignment 
pins since the positions of the spacers are adjustable, which is the reason why 
the stacked spacers are depicted in FIG. 6 as being out of alignment. 

FIG. 7 shows a clamping mechanism that can be used in the 
present invention. It is similar to a mechanism disclosed in U.S. Patent No. 
6,017,244. The mechanism comprises clamping jaws 74 and 76 to clamp a 
stack of overlapped circuit boards. The mechanism further comprises means 
for registration of the overlapped portions of the circuit boards. The registration 
means may comprise a pair of spaced-apart alignment pins 78 mounted to and 
projecting from one face of clamping jaw 76. In the mechanism shown in FIG. 
7, the clamping jaw 74 opposite the alignment pins 78 has receiving recesses 
80 that provide clearance to receive the alignment pins when the clamping jaws 
close toward one another. Each circuit board in the clamped stack must have a 
pair of registration holes through the dielectric material that align with and 
receive a corresponding alignment pin. Accordingly, each circuit board will be in 
fixed registration with the clamping jaws 74 and 76. 

The clamping jaws 74 and 76 have clamping surfaces to apply 
clamping forces on the stack of circuit boards and spacers. A fastener, e.g., bolt 
72, urges the clamping jaws to clamp the stack. The bolt 72 extends through a 
25 bore 82 through clamping jaw 74 and extends threadably and adjustably along 
an internally threaded recess 84 formed in the other clamping jaw 76. 
Advancing the bolt 72 by turning will close the clamping jaws and apply force on 
each of the overlapping circuit boards in the stack. The bolt 72 passes through 
a slotted opening (not shown) in each circuit board. The shape and location of 
30 such a slotted opening can be seen in Figure 3 of U.S. Patent No. 6,017,244. A 
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resiliently deformable stiff spring, e.g., a Belleville (i.e., conical) washer 86, can 
be clamped between an enlarged head on the bolt 72 and clamping jaw 74. 
The spring should be resiliently compliant to expand and contract with 
temperature variations and vibration, so as to apply continuously uniform force 
5 on the clamping jaws. In turn, uniform clamping force is applied to the stack of 
circuit boards to maintain them in pressure contact with one another. 

The present invention is not limited to simply connecting a 
plurality of flex circuits to a multi-layer circuit board. By appropriately 
arranging the contact pads and vias on the intermediate flex circuits, one 

10 could connect from one multi-layer circuit board through several intermediate 
flexible or rigid circuit boards to another multi-layer circuit board — and 
perhaps through that board and on to still another. If the spacer is not a 
simple insulating or conducting block, but is instead a structured "interposer" 
with "Z-axis" conductors through it, then multiple connections can be carried 

15 through the spacer. Such Z-axis interposer materials are commercially 
available, either as bondable adhesives or simply as spacers. 

Such a stacked interconnection between multiple circuit boards 
is depicted in FIG. 8. The stack comprises ten flex circuits designated by even 
numbers from 100 to 118, and two multi-layer circuit boards 120 and 122, all 

20 held together between top and bottom spacers 70 by a bolt 72. Two sub- 
stacks (i.e., the sub-stack consisting of boards 100, 102, 104, 120, 106 and 
108 and the sub-stack consisting of boards 110, 112, 122, 114, 116 and 118) 
are separated by an electrically insulating spacer/interposer 94 having Z-axis 
electrical conductors 96a, 96b, etc. Each sub-stack is similar to the stack 

25 shown in FIG. 4, except that the embodiment shown in FIG. 8 illustrates the 
use of a similar metal pad pattern on all surfaces of all circuits, to maintain 
uniform stack thickness in all contact pad locations and therefore uniform 
pressure under the clamp. One such metal pad pattern can be seen within 
the ellipse 124, wherein contact pads 126 and 128, which serve no electrical 

30 connection function, have been respectively formed on flex circuits 102 and 
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104 in order to maintain uniform stack thickness. For example, contact pad 
128 contacts the bottom trace on flex circuit 102, but does not electrically 
connect that trace to any other trace. 

FIG. 8 also illustrates a board-to-board electrical connection 
5 through a plurality of stacked flex circuits 106, 108, 110, 112 and the 
spacer/interposer 94. More specifically, trace 130 on circuit board 120 is 
electrically connected to trace 132 on circuit board 122 by means of contact 
pads 134, via 136 through flex circuit 106, contact pads 138 and 140, via 142 
through flex circuit 108, pads 144 and 146, via 148 through interposer 94, 
10 pads 150 and 152, via 154 through flex circuit 110, contact pads 156 and 
158, via 160 through flex circuit 112, and pad 162. Alternatively, the 
spacer/interposer 94 could be removed and board 120 could be electrically 
connected to board 122, via the flex circuits 106, 108, 110, 112, with pad 144 
of flex circuit 108 being in contact with pad 152 of flex circuit 110.. 

15 FIG. 8 further illustrates board-to-flex circuit electrical 

connections through another flex circuit. For example, circuit board 122 is 
electrically connected to flex circuit 116 by way of flex circuit 114. More 
specifically, trace 164 on circuit board 122 is electrically connected to trace 
174 on circuit board 116 by means of contact pads 166 and 168, via 170 

20 through flex circuit 114, and contact pad 1 72. 

The stacked circuits need not be in-line, but could approach the 
stacked connection from multiple directions or angles. The pattern of contact 
pads could be a linear array of pads, two or a few rows, a square array of 
pads, or other patterns. FIG. 9 illustrates four circuit boards 176, 178, 180, 

25 182 approaching a stack from four mutually orthogonal directions, with 
electrical connections between traces 186 on the substrates 184 of these 
boards being made via a square array of pads 98 and vias (not shown). The 
respective sets of pads 98 on the boards are registered using two (or more) 
alignment pins 78. The stack of boards is held together by a clamping 

30 arrangement comprising a clamping bolt 72 and spacers (not shown), as 
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previously described. 

Using the present invention, a high density of electrical 
connections between multiple circuit boards may be achieved in a compact 
space with a single assembly step. If the boards are clamped and not bonded, 
5 then the assembly is easily reworked. For two-dimensional ultrasound arrays, 
this allows many (e.g., -50) transducer flex circuits to be connected to a small 
number (e.g., <10) of electronics boards. Each electronics board can access a 
two-dimensional subarray (several rows) of transducer elements, so three- 
dimensional beamforming can be employed for those elements. This allows a 
10 substantial (e.g., 16X) reduction in the number of connections between the 
imaging system and the two-dimensional transducer array probe. 

For the sake of illustration, high-density electrical connectors for 
connecting flex circuits of an ultrasonic transducer probe to flex circuits that 
connect to an ultrasound imaging system have been disclosed. However, the 

15 invention disclosed herein is not limited in its application to connecting flex 
circuits to each other. The same connection schemes can be applied for 
connecting flex circuits to rigid printed circuit boards or for connecting rigid 
printed circuit boards to each other. Also the invention has application in areas 
beyond ultrasonic imaging systems. The broad scope of the invention 

20 encompasses the connection of multiple circuit boards without regard to the 
systems or circuits that are connected to those circuit boards. 

While the invention has been described with reference to 
preferred embodiments, it will be understood by those skilled in the art that 
various changes may be made and equivalents may be substituted for 

25 elements thereof without departing from the scope of the invention. In addition, 
many modifications may be made to adapt a particular situation to the 
teachings of the invention without departing from the essential scope thereof. 
Therefore it is intended that the invention not be limited to the particular 
embodiment disclosed as the best mode contemplated for carrying out this 

30 invention, but that the invention will include all embodiments falling within the 
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scope of the appended claims. 

As used in the claims, the term "circuit board" means any 
substrate having metal traces thereon and/or therein, regardless of whether the 
substrate is flexible or rigid. As used in the claims, the term "in contact" means 
a) in direct physical and electrical contact; or b) on adjacent opposing surfaces 
and electrically connected by solder, anisotropic conductive film (ACF), or other 
electrically conductive material. 
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